Defining the mechanisms of cellular pathogenesis in rare lung diseases such as Hermansky-Pudlak syndrome (HPS) is often complicated by loss of the differentiated phenotype of cultured primary alveolar type 2 (AT2) cells, as well as by a lack of durable cell lines that are faithful to both AT2-cell and rare disease phenotypes. We used CRISPR/Cas9 gene editing to generate a series of HPSspecific mutations in the MLE-15 cell line. The resulting MLE-15/HPS cell lines exhibit preservation of AT2 cellular functions, including formation of lamellar body-like organelles, complete processing of surfactant protein B, and known features of HPS specific to each trafficking complex, including loss of protein targeting to lamellar bodies. MLE-15/HPS1 and MLE-15/HPS2 (with a mutation in Ap3b1) express increased macrophage chemotactic protein-1, a well-described mediator of alveolitis in patients with HPS and in mouse models. We show that MLE-15/HPS9 and pallid AT2 cells (with a mutation in Bloc1s6) also express increased macrophage chemotactic protein-1, suggesting that mice and humans with BLOC-1 mutations may also be susceptible to alveolitis. In addition to providing a flexible platform to examine the role of HPS-specific mutations in trafficking AT2 cells, MLE-15/HPS cell lines provide a durable resource for high-throughput screening and studies of cellular pathophysiology that are likely to accelerate progress toward developing novel therapies for this rare lung disease.
The Hermansky-Pudlak syndromes (HPSs) constitute a family of genetic diseases in which the affected genes encode subunits of multimeric complexes that are used in protein and membrane targeting to lysosome-related organelles, specifically the biogenesis of lysosome-related organelles complex-1, -2, and -3 (BLOC-1-BLOC-3, respectively) and the adaptor protein 3 complex (AP-3) (1). Whereas albinism and bleeding diathesis are common to all patients with HPS, significant morbidity and mortality result from pulmonary fibrosis in selected genotypes, specifically those affecting BLOC-3 and AP-3. Advances in the mechanistic understanding of HPS lung disease have been possible with the use of mouse models (2) , and researchers have demonstrated the central role of the alveolar type 2 (AT2) cell in the pathogenesis of fibrotic lung disease in BLOC-3 and AP-3 subtypes (3). However, progress in identifying how the underlying cell biology of HPS causes AT2 cell injury has been limited by the lack of robust cellular models that can easily be manipulated in culture.
CRISPR/Cas9 gene editing has been used to generate small mutations in a site-directed manner for permanent gene inactivation in a variety of cell types through a process of nonhomologous end joining that creates microinsertions or microdeletions (indels) of the targeted sequence (4) . We have developed MLE-15 cell lines in which a subunit of each of the four HPS-related trafficking complexes has been inactivated using CRISPR/Cas9 gene editing. The MLE-15 cell line was chosen for its close similarity to primary AT2 cells. The MLE-15 cell line was established from tumors in transgenic mice expressing the simian virus 40 early region, including the large T antigen from a well-characterized 3.7 kD region of the human SFTPC promoter (5, 6) . The initial characterization of MLE-15 cells demonstrated expression of RNA for most surfactant proteins, expression of surfactant protein B proprotein (SFTPB), and multivesicular bodies and lamellar body-like structures (6) . Further characterization by others has also demonstrated expression of surfactant protein A and surfactant protein C proproteins, processing of SFTPB proprotein to its mature 8 kD form (SP-B), and secretion of SP-B into culture media (6, 7) .
We targeted mutations in MLE-15 cells that would inactivate representative HPS genes associated with fibrotic lung disease in humans (Hps1 of the BLOC-3 complex associated with HPS type 1 [8] [9] [10] and Ap3b1 of the AP-3 complex associated with HPS type 2 [11] ), a subtype of HPS not associated with fibrotic lung disease (Hps3 of the BLOC-2 complex associated with HPS type 3 [12, 13] ), and one of the very rare BLOC-1 mutations (Bloc1s6 also known as pallidin) (14) . We demonstrate that gene editing disrupted the targeted genes, with the expected additional effect of reduced expression of nontargeted subunits of the respective BLOC or AP-3 complexes (13, (15) (16) (17) . Gene editing resulted in misrouting of known cargo proteins and increased macrophage chemotactic protein-1 (MCP-1) expression, as expected from prior work (2, 3, (18) (19) (20) . Together, these experiments demonstrate that the MLE-15/HPS cell lines faithfully replicate several known characteristics of primary AT2 cells from HPS mouse models, providing a robust platform from which to elucidate cellular mechanisms of AT2 cell injury in this family of rare lung diseases.
Methods
Additional methodologic details available in the data supplement. pa (pallid) mice were bred and maintained at the Laboratory Animal Facility at Vanderbilt University Medical Center as previously described (18) . All animal protocols were reviewed and approved by the institutional animal care and use committee of Vanderbilt University Medical Center and adhered to the principles of the NIH Guide for the Care and Use of Laboratory Animals. Both male and female mice were used between 8 and 10 weeks of age. Lung homogenates for Western immunoblotting were generated from flash-frozen lung tissue after lavage as previously described (21) .
Plasmid Construction for Generating Mutations in Cell Lines

AT2 cell isolation
Preparation of AT2 cells was performed as previously described (21) , with the following modification. Epithelial cells were separated from macrophages and other blood cells by negative selection on antibody-coated plates (42 mg of CD45 and 16 mg of CD32 antibodies; BD Pharmingen) before plating.
Quantitative Real-Time PCR Analysis
Total RNA was isolated and reverse transcribed by using standard methods with the RNeasy kit (Qiagen) and the SuperScript VILO cDNA Synthesis Kit (Life Technologies), with additional details provided in the data supplement.
Immunoblotting
Immunoblotting was performed as previously described (18) using 80-100 mg of proteins in each lane of precast 4-12% NuPAGE gels (Thermo Fisher Scientific). Blots were incubated with the primary antibodies as described previously (18) . Antibodies used and procedural details are listed in the data supplement.
Immunocytochemistry and Fluorescence Microscopy
Primary AT2 and MLE-15 cells were transfected by nucleofection as described above using plasmids expressing ATPbinding cassette transporter A3/enhanced GFP (ABCA3-EGFP) or ABCA3-mCherry and EGFP-RAB38, and cells were plated onto coverslips for immunostaining and fluorescence microscopy as described in the data supplement.
Measurement of MCP-1
MCP-1 concentrations in cell culture media were measured by ELISA according to the manufacturer's recommendations (MJE00; R&D Systems). RNA was prepared from the cells for quantitative PCR (qPCR) analysis of Ccl2 RNA expression as described above.
Statistical Methods
Differences in amplification efficiencies between the sample groups in qPCR experiments were assessed using one-way ANOVA with post hoc testing using the Kruskal-Wallis test for differences in normalized expression between groups. Comparison of MCP-1 concentrations between two groups was conducted using the Mann-Whitney U test. Prism software (version 6.0c; GraphPad Software) was used for all statistical analyses, and values of P , 0.05 were considered significant.
Results
Generation of MLE-15/HPS Clones and Validation of Gene Expression
Using two guidance RNAs, we targeted larger genomic segments for gene editing such that two Cas9-mediated doublestranded DNA breaks would result in a deletion easily detected by gel electrophoresis of genomic PCR products. This strategy is best illustrated in Figure 1 , in which a single PCR product resulted from a large deletion on both alleles of the MLE-15/HPS9 clone shown in Figure 1D . In practice, we found that most clones demonstrated the expected large genomic deletion only on one allele, accompanied by a small indel on the other allele. This is best illustrated in Figure 1B for the MLE-15/HPS2 clone and in Figure 1C for the MLE-15/HPS3 clone. The MLE-15/HPS1 clone shown in Figure 1A demonstrated a small indel on one allele (lower band) and a large insertion of nonspecific sequence on the other allele (upper band). Sequencing of genomic PCR products (Table 1 ) enabled us to distinguish small indel products from WT sequence, eliminating heterozygous clones (0.1% of clones screened). In parallel experiments, we transfected MLE-15 cells with an empty pX459 vector (no singleguidance RNA) to control for any potential effects of puromycin selection. These parent cell lines (labeled pX459 in Figure 1 ) behaved similarly to WT MLE-15 cells.
Validation studies were performed using clones grown for fewer than 10 passages after confirmation by genomic PCR sequencing. Validation of a representative MLE-15/HPS1 clone appears in Figure 1A . Sequencing of RT-PCR products from MLE-15/HPS1 RNA demonstrated the small deletion found by genomic PCR sequencing (Table 1) ; the faint bands of larger size did not yield an interpretable sequence. BLOC-3 is a heterodimer of the HPS1 and HPS4 proteins (9, 10) . The pale ear mouse contains a 7-bp duplication flanking a large insertion within exon 19 of Hps1, resulting in a premature stop codon within the inserted element (22) . Immunoblotting for HPS1 and HPS4 confirmed both proteins are expressed in lung homogenates from WT mice, as well as in WT and empty vector (px459) MLE-15 cells, but not in lung homogenates from pale ear mice or the MLE-15/HPS1 gene-edited cells.
Validation of the MLE-15/HPS2 clone with a mutation in Ap3b1 appears in Figure 1B . Sequencing of RT-PCR products from MLE-15/HPS2 RNA demonstrated the same small deletions (larger product) and large deletions (smaller product) predicted from genomic PCR sequencing. AP-3 is a heterotetrameric complex consisting of two large subunits (d-and b-subunits) and two smaller subunits (m-and s-subunits) (23) . The pearl mouse has a mutation of the Ap3b1 gene involving a 793-bp tandem duplication that results in a reading frame shift and premature stop codon, truncating the protein 130 amino acids from the amino-terminus (11) . Immunoblotting showed the b 1 -subunit of AP-3 in lung homogenates from WT mice, as well as in WT and empty vector MLE-15 cell lysates, but not in pearl mouse lung homogenates or MLE-15/HPS2 cell lysates. In addition, immunoblotting for the m 1 -subunit of AP-3 was significantly reduced in both lung homogenates from pearl mice and MLE-15/HPS2 cells, reflecting a prior observation that loss of one AP-3 subunit results in degradation of other AP-3 subunits (24) .
The MLE-15/HPS3 clone ( Figure 1C ) presented a technical challenge because of a paucity of suitable antibody reagents to confirm loss of the murine HPS3 protein. Sequencing of RT-PCR products from the MLE-15/HPS3 clone confirmed the deletions found in genomic PCR sequencing, similarly predicting a frameshift mutation and a shortened HPS3 protein. BLOC-2 is a heterotrimeric complex of HPS3, HPS5, and HPS6 proteins (13) . The cocoa mouse carries a splice site mutation resulting in a frameshift and loss of expression of the Hps3 mRNA (25) . We performed immunoblotting for HPS6 because deletion of one subunit of BLOC-2 has been shown to promote degradation of the other subunits (13 The largest HPS-related complex is BLOC-1, consisting of eight different protein subunits (26) . A substitution at nucleotide 787 of Bloc1s6 (also known as pallidin or HPS9) leads to a premature stop codon and no protein expression in pallid mice (27) . RT-PCR using the MLE-15/HPS9 clone demonstrated a single product larger than the WT product owing to elimination of an mRNA splice site as predicted from genomic PCR screening ( Figure 1D Figure E1 ), ABCA3-EGFP surrounded individual SP-B-positive puncta in the perinuclear region. These data In the panels representing genomic PCR, an asterisk identifies the band resulting from DNA cleavage using both single-guidance RNAs. Genomic and RT-PCR sequencing results are provided in Table 1 . Lung homogenates were prepared for immunoblotting from adult lung tissue of C57BL6/J (WT) mice and the HPS strains pale ear (ep)/HPS1, pearl (pe)/HPS2, cocoa/HPS3, and pallid (pa)/HPS9. Each lane contains 80 mg of total protein, and GAPDH immunoblotting is used as a loading control. Nonspecific bands are designated with an asterisk to the right of the immunoblot; bands representing the detected protein are denoted with an arrowhead; and size markers appear to the left of the blot. (E) Validation of alveolar type 2 (AT2) cell characteristics after MLE-15/HPS clone selection. Quantitative PCR for Abca3 (ABCA3) and Sftpb (SP-B) from triplicate samples of MLE-15 cells and MLE-15/HPS clones (n = 4-5 experiments; normalized to Rn18s and Gapdh RNA and reported as relative quantity (RQ); mean 6 SD with P values listed below; NS = not significant), together with immunoblotting of WT mouse lung homogenate, WT MLE-15 cell lysate, and MLE-15/HPS cell lysate, using 100 mg of protein per lane, in addition to 25 mg of lysate from cultured human fetal lung explants (HFL DCI D6) as described previously (38) . Immunoblotting is shown for surfactant protein B proprotein (SFTPB) with GAPDH as a loading control. Arrowheads to the right of the image denote the positions of the SFTPB proprotein at 42 kD, the major 25 (18) . In keeping with our prior report, MLE-15/HPS2 cells demonstrated disruption of LIMP2 targeting to ABCA3-mCherry-positive organelles (Figure 2A) .
RAB38 decorates lamellar bodies of AT2 cells in a GTP-dependent manner (19) . Using LIMP2 as an endogenous marker of lamellar bodies, endogenous RAB38 was localized to the lamellar body, limiting membranes of WT mouse AT2 cells but not in pale ear mouse AT2 cells that are defective in BLOC-3 ( Figure 2B ). We transfected MLE-15 and MLE-15/HPS1 cells to express human RAB38-EGFP and ABCA3-mCherry and similarly found a loss of RAB38 targeting to ABCA3-mCherry-positive organelles in the MLE-15/HPS1 cells ( Figure 2C) . Disruption of BLOC-3 function was not associated with loss of endogenous RAB38, nor did it alter the effectiveness of RAB38-EGFP expression ( Figure 2D ). Because BLOC-3 has been validated as a guanine nucleotide exchange factor (GEF) for RAB32 and RAB38 (35) , these experiments indicate that BLOC-3 provides the GEF function that is necessary for targeting RAB38-EGFP specifically to lamellar bodies in AT2 cells.
MLE-15/HPS1, MLE-15/HPS2, and MLE-15/HPS9 Cells Secrete Increased MCP-1 into Culture Media
Recent studies have provided strong evidence that injury to primary AT2 cells is central to the development of pulmonary fibrosis in HPS (2, 20, 21) . MCP-1, also known as CCL2, is an important driver of macrophage alveolitis in patients with HPS1 (36) and in mice (2) . By qPCR, WT MLE-15 and MLE-15/HPS3 cells exhibited low amounts of Ccl2 RNA, whereas Ccl2 RNA was significantly elevated in MLE-15/HPS1 and MLE-15/HPS2 cells ( Figure 3A) , consistent with prior reports of primary AT2 cells from cocoa, pale ear, and pearl mice (2, 20) . Pallid mice carrying a mutation in Bloc1s6 have not been examined previously for MCP-1 production. Primary AT2 cells from pallid mice ( Figure 3B ) and MLE-15/HPS9 cells ( Figure 3C ) both exhibited increased MCP-1 in culture media, as well as increased Ccl2 RNA by qPCR, when compared with WT primary AT2 and MLE-15 cells.
Discussion
The efficient gene editing of MLE-15 cells afforded by CRISPR/Cas9 provides a valuable tool for cell modeling of rare genetic lung diseases. Our long-term goal is to examine BLOC and AP-3 functions in lamellar body trafficking and to understand the role of disrupted trafficking on AT2 cell injury, so it was critical to choose a cell line demonstrating a stable AT2 cell phenotype for gene editing. Expression of fully processed SP-B protein and presence of lamellar organelles that undergo regulated secretion of surfactant proteins in MLE-15 cells (7) imply sufficient proteolytic machinery, intact trafficking pathways, and functional exocytosis that would contribute to robust MLE-15 CRISPR cell models of HPS. Although WT MLE-15 cells have low endogenous Abca3 expression, we found that ABCA3-EGFP trafficked appropriately to small organelles containing SP-B and that SFTPB proprotein was appropriately processed to the mature 8 kD product, suggesting that MLE-15 cells exhibit essential pathways for lamellar body homeostasis. Importantly, the trafficking of exogenous ABCA3 and endogenous SFTPB was not disrupted in MLE-15/HPS clones, in keeping with prior reports based on mouse models of HPS and patients with HPS (18, 21, 28) .
HPSs comprise an ideal family of rare lung diseases to demonstrate the usefulness of gene editing of cell lines, because comparisons of MLE-15/HPS cells could be made to lung tissue from HPS mice. As predicted (13, (15) (16) (17) , targeting a single subunit (Bloc1s6, Hps3, Hps1, and, Ap3b1) from each trafficking complex (BLOC-1, -2, and -3 and AP-3, respectively) for gene disruption also resulted in loss of other subunits of the complex in each MLE-15/HPS clone. The definitive test of successfully gene-edited MLE-15/HPS clones would be disruption of protein showing cell lysates from MLE-15/WT and MLE-15/HPS1 cells (80 mg of total protein each; molecular mass markers denoted with size in Da = kilodaltons) using either RAB38 or GFP antisera to detect RAB38-GFP, with GAPDH as a loading control.
trafficking, but there is a general lack of understanding of suitable AT 2 cell cargo proteins using BLOC and AP-3 trafficking. We were limited to demonstrating disrupted AP-3 trafficking in MLE-15/HPS2 cells and BLOC-3 disruption in MLE-15/HPS1 cells. LIMP2 is the only known lamellar body protein that has been shown to be trafficked by an HPS-related complex, specifically AP-3 (18) . Loss of AP-3 in the MLE-15/HPS2 clone disrupted LIMP2 trafficking to lamellar body-like organelles, consistent with our prior studies using primary AT2 cells (18) . The MLE-15/HPS1 cell line has enabled us to advance the understanding of the role of BLOC-3 in lamellar body homeostasis by demonstrating that BLOC-3 provides the GEF function that enables RAB38 targeting to lamellar bodies.
MLE-15/HPS cells would be valuable reagents in the investigation of mechanisms of HPS lung disease. MCP-1 production and a macrophage-predominant alveolitis are well-known features of patients with HPS1 (36) . Primary AT2 cells from pale ear and pearl mice, but not cocoa mice, adapt to HPS subunit loss and trafficking complex dysfunction, in part by increasing production of MCP-1 (20, 21) pathogenesis of HPS types 1 and 2. It is not clear whether the endoplasmic reticulum stress responses described in some studies of HPS reflect residual HPS subunit expression or are part of a cellular response to disrupted protein trafficking (37) 
